Fluorescent silica nanoparticles, Cornell dots (C dots), were incorporated into electrospun cellulose acetate (CA) fibers. Two types of C dots were used in this study. The first type was comprised of a fluorescent dye-containing silica core surrounded by a silica shell. These nanoparticles fluoresce at 572 nm when exposed to 541 nm light. Increasing C dot loading in the spinning dope above 10% w/w did not result in an increase in C dot content within the final fibers. Scanning electron microscopy indicated that the nanoparticle incorporation had very little effect on the fiber morphology.
INTRODUCTION
Counterfeiting is a worldwide problem that results in the loss of hundreds of billions of dollars each year. Both consumers and producers are negatively affected by the influx of counterfeit items into the market.
Corporations that produce commonly counterfeited items lose billions of dollars in revenue. For consumers, the presence of these counterfeit items increases the risk of purchasing faulty or poor quality products in place of legitimate ones. Commonly counterfeited items include clothing, documents and currency [1] . The International Chamber of Commerce has estimated that 7% of world trade is in counterfeit goods, approximately $350 billion [1] .
To counteract this problem, anti-counterfeiting technology is constantly being developed and improved. This technology seeks to mark authentic items in a way that is very difficult and hopefully impossible, to duplicate. However, due to the significant profit margins produced by the counterfeit market, the makers of these items are willing to spend considerable funds to keep up with new anticounterfeiting methods [2] . Due to this challenge, new and better anti-counterfeiting technology is constantly in demand. Specifically, technology with a signal that is very difficult for counterfeiters to duplicate, and relatively simple for users to positively identify. This research seeks to show that it is possible to create a unique method for tagging and identifying legitimate items using fluorescing nanoparticles and cellulose acetate (CA) fibers.
Fluorescent nanoparticles can be used as taggants, but they can also function as biological indicators. Current trends show that there is an interest in using nanotechnology to monitor health. The ability to maintain a healthy lifestyle is governed by several different factors, one of which is regular physical exercise.
With increasing technological advancements, it is desirable to have equipment that can accurately monitor the body's performance during exercise.
Understanding sweat composition is vital for insight into the changes in extracellular fluid and nutritional replacement in the human body. The composition of human perspiration is a reflection of exercise, heat exposure, the duration of sweating, and the rate of sweat secretion [3] . However, previous research has proven that the composition of sweat is mostly water, with varying amounts of minerals and electrolytes: sodium, potassium, calcium, magnesium, chloride, lactic acid, and bicarbonate [3, 4] . While the sweat secretion rate affects the concentration of sodium, chlorine, lactic acid and bicarbonate, the most significant change in sweat composition during exercise is in sodium ions [5] [6] [7] [8] [9] .
In fact, a relationship has been reported between pH and the 22 sodium concentration in sweat. Studies have found that the greater the sodium concentration, the higher the sweat pH [7, 10] . Since sodium concentration is related to dehydration, it is logical to suggest that sweat pH can be useful in monitoring hydration levels [5, 11] .
To maximize organ function and overall health, it is crucial to balance water and electrolyte levels [12] [13] [14] .
Generally, well-conditioned athletes have sodium sweat concentrations of 5-30 mmol/liter, while unconditioned individuals have concentrations of 40-100 mmol/liter [15] .
Researchers have observed that as the sweating rate increases, so do electrolyte levels. During intense activities, athletes can lose 1-8% of their body mass in sweat, amounting to a loss of 150 mmol/hr of sodium [16] [17] [18] [19] . This project seeks to prove that an electrospun fabric containing pH-sensitive fluorescent nanoparticles can be used to monitor sodium and hydration levels.
Many unique signals have been incorporated into polymeric materials, including: magnetic, electrical, thermal, chemical, radio frequency, and fluorescence signals [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . This research report focuses on the incorporation of an improved fluorescence signal into fibers. Fluorescence is conventionally applied to fibers using fluorescent dyes and coatings. Small fluorescent dye molecules can be placed in solution with dry polymer and solvent, which can then be spun into fibers. These dyes have the potential to leak in certain environments, and to lose their fluorescent strength during exposure to certain wavelengths of light (i.e. photobleaching). Common fluorescent dye molecules include Alq3, 10-(3-sulfopropyl), acridinium betaine, quinacrine dihydrochloride, naphthofluorescein, fluorescein, 8-hydroxypyrene-1, and 3, 6-trisulfonic acid trisodium salt [21, 22] .
These dyes can easily provide fluorescence to polymer fibers, but they are not permanent, and their volatile nature within fibers can lead to certain health and environmental concerns. Figure 1 illustrates a confocal microscopy image of an electrospun CA fabric with 10 µL of fluorescent tetramethylrhodamine (TRITC) dye incorporated. Therefore, though it is relatively simple to create fluorescent signal in fibers with fluorescent dyes, it is advisable to use a more contained method if longerterm fluorescence is desired. One way this can be accomplished is by using nanoparticles mixed in to the matrix of, or to coat the surface of, a polymer fiber. This research focuses on the creation of a functional fabric device using Cornell dots, safe fluorescent core-shell silica nanoparticles that impart a unique fluorescence signal.
Cornell dots, also known as C dots, were developed in the Wiesner group in the Materials Science and Engineering department at Cornell University [33] . These nanoparticles are composed of a dye rich core surrounded by a silica shell, which exhibits fluorescent emission when excited by an external light source at a specific wavelength. The 25 nm C dots are 20-30 times brighter than single fluorescent dye molecules, resistant to quenching, and exhibit greater resistance to photo bleaching [34] . The silica shell allows the particles to maintain brightness for longer than a fluorescent dye solution (Figure 2 ) [35] . These nanoparticles can be dispersed in several different solvents, including water and acetone, without degradation ( Figure 3 ). To disperse the C dots in a non-polar solvent, such as benzene or diethyl ether, surface modification of the nanoparticles is required. The only solvents that the C dots cannot be dispersed in are strong acids and bases, which could dissolve the silica shell. Additionally, the dye encapsulated within the nanoparticles can resist degradation at temperatures up to 150C, depending on dye structure and heat duration [35] [36] [37] [38] .
The unique core-shell architecture of the C dots is ideal for the development of ratiometric nanoscale fluorescent sensors (Figure 4) . The nanoparticles use a TRITC dye core as an internal reference, allowing for quantitative concentration measurements. By placing a fluorescein isothiocyanate (FITC) sensor dye on the surface of the silica shell, the maximum amount of surface area is exposed to the environment.
Fluorescein isothiocyanate (FITC) was chosen as a pH sensor because, with a pKa of 6.4, it is an excellent sensor for pH in the biologically relevant range from pH 5-8.5. TRITC was chosen as the internal standard because its quantum yield is unaffected by pH changes in this realm [35] . FIGURE 4 . A schematic illustration of the dual-emission coreshell nanoparticle sensor architecture highlighting several design advantages [35] .
In this study, the C dots were incorporated into CA fibers during the fiber spinning process to create both an anti-counterfeiting and pH-sensing device. Cellulose acetate was used because it is relatively simple to spin, and the optimal solvent, acetone, is compatible with the as-made C dots. Even though cellulose acetate forms a relatively weak fiber, it is preferable in this experiment because of its low cost and spinnability. If several different wavelengths of nanoparticles are spun into these CA fibers, and the fibers are arranged in an intricate pattern, a unique fluorescent identifier can be created. Recently, a similar anti-counterfeit method has been patented using quantum dots as fluorescent taggants in security inks, papers and explosives [39] . Unfortunately, quantum dots contain heavy metals, such as toxic cadmium or lead, which have the potential to leak and disrupt the chemistry where the particles are placed. C dots, however, exhibit comparable brightness to quantum dots, but without the toxicity. In this way, methods utilizing C dots have greater commercial potential than methods using quantum dots.
In this project, the C dots were incorporated into cellulose acetate fibers spun by electrospinning. This method illustrates that the C dots can be dispersed in a nonwoven fabric. Electrostatic fiber spinning or 'electrospinning' is a unique method for forming fibers with submicron scale diameters through electrostatic forces. When an electrical force is applied at the interface of a liquid polymer, a charged jet is ejected. The jet initially extends in a straight line, then moves into a whipping motion caused by the electro-hydrodynamic instability at the tip. As the solvent evaporates, the polymer is collected, e.g. onto a grounded piece of aluminum foil as a nonwoven mat [40] .
By forming nanoparticle-containing fibers through electrospinning, both an anti-counterfeiting and pHsensing device was created. The results of this research show that it is possible to create a unique method for tagging and identifying CA fibers using fluorescing nanoparticles.
MATERIALS AND METHODS

Materials
Cellulose acetate (M w = 30,000 g/mol) was supplied by Aldrich Chemical Co Ltd (St. Louis, MO). Acetone was purchased from VWR Scientific (West Chester, PA). The C dots were made by the Wiesner lab in the Materials Science and Engineering department at Cornell University using previously described techniques [33, 38] . Nanoparticles with a 
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TRITC core were used for the anti-counterfeiting device, while the pH-sensitive nanoparticles had a TRITC core and FITC surrounding the silica shell.
Preparation Of Electrospun Solutions
The electrospun fabrics were manufactured using CA (M w = 30,000 g/mol) dissolved in a 3:1 v/v acetone: water solution. The C dots were suspended in acetone, and added to the CA solutions in 5, 10, and 15 vol%. These samples will be designated as X, Y, and Z, respectively. The solution of cellulose acetate, acetone, water and C dots was mixed on an Innova 2300 platform shaker (New Brunswick Scientific Co., NJ) for twenty-four hours prior to fiber formation.
Electrospinning
The electrospinning apparatus consisted of a programmable syringe pump (Harvard Apparatus, MA) and a high-voltage supply (Gamma High Voltage Research Inc., FL). Electrospinning required a 17 wt% concentration of CA, and was spun out of a 20 G needle at 0.3 ml/hr with an applied voltage of 14 kV. The nonwoven fabric was formed on a grounded aluminum collector 15 cm from the spinneret tip.
The fabric was air dried for approximately 2 hours before storage in a desiccator.
Thermogravimetric Analysis
A TGA 2050 apparatus from Texas Instruments was used to determine the actual weight percent of nanoparticles spun into the CA fibers. The electrospun fabrics were heated from 25C to 400C at a step rate of 20C per minute to remove all organic material, while retaining the inorganic (i.e. the silica from the C dots).
Scanning Electron Microscopy
Examination of the morphology and fiber diameters for the electrospun fabrics was done using a Leica 440 scanning electron microscope (SEM) at 30 kV. Samples were coated for 30 seconds with 10 nm AuPd to prevent charging.
Confocal Microscopy
A Leica TCS SP2 laser confocal scanning microscope was used to examine the fluorescence of the C dots within the cellulose acetate fibers. The anti-counterfeit electrospun samples were imaged dry at 40X under a red fluorescence filter with 460-500 nm excitation. The pH-sensitive electrospun fabrics were imaged under water immersion at 20X with both red (460-500 nm) and green (480/40 nm) fluorescence filters
Mechanical Testing
The mechanical testing was conducted according to ASTM standard D638-02a with an Instron 5566. The standard measures the modulus, tensile stress at break, and tensile strain at break that the CA fibers can survive prior to failure. The electrospun mats were initially cut into dumbbells with a 3.18 mm width and 9.53 mm length. These samples were then broken at 100 mm/min.
The data was then normalized by weight in order to take into account slight variations in sample thickness. The normalized data was analyzed using the student's t-test to determine if the behavior of the control and nanoparticle-containing samples were statistically different. The control sample was compared to each of the samples containing C dots to determine the influence their incorporation had on the mechanical properties of the fibers.
RESULTS AND DISCUSSION
Thermogravimetric Analysis (TGA)
In this study, TGA was used to investigate the final concentration of nanoparticles within CA fibers after spinning. Three different trials were performed, and although the spinning solutions contained sufficient C dots to create fibers with up to 47% C dots by weight, TGA measurements indicated that the electrospun samples actually contained 340.28%, 360.66% and 361.81% C dots ( Figure 5 ). An ANOVA analysis performed on this data confirmed that the samples contained statistically equal nanoparticle concentrations. The TGA data suggests that there is a maximum amount of C dots that can be incorporated into the fibers. Regardless of how many more C dots are added to the spinning solution, no more than 35% w/w nanoparticles ended up in the electrospun fabrics. Therefore, the samples will be referred to as X, Y, Z, and will be used to compare results between fabrics with and without nanoparticle incorporation. 
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SEM and Confocal Images
In this study, SEM images were used to examine the morphology of the CA fibers, and to determine average fiber diameter.
A summary of the electrospun fiber diameters is given in Table I . Representative SEM images of neat CA fibers prepared by electrospinning are presented in Figure  6a . The SEM images show the electrospun CA fibers to be smooth, with a ribbon shaped cross-section.
Representative SEM images of electrospun CA fibers samples X, Y and Z are presented in (Figures 6b, 6c  and 6d ). The SEM images show that samples X, Y and Z exhibit the same morphology as the control sample: smooth and ribbon-shaped. The control, X, and Y samples all had diameters consistent with previous reports [41] . Sample Z exhibited a slight increase in fiber diameter, but the results are still within an acceptable range of previous studies on electrospun CA.
In general, the SEM images indicate that the electrospun fabrics had consistent morphologies, regardless of C dot loading. The nonwoven fibers were very smooth, with only a slight increase in fiber diameter for sample Z. The fact that both the neat and C dot spinning dopes produced similar fiber morphologies and diameters indicate that C dots do not perturb the fiber production. However, confocal microscopy of these C dot containing fibers proved that even though these fibers were morphologically similar, their behavior under fluorescent light was different. Confocal microscopy was used to confirm that the incorporated C dots retained their fluorescent properties in the electrospun CA fibers. To the naked eye, under ambient lighting, neat CA samples and samples containing C dots both appear uniformly white (Figure 7 ). However, under 541 nm excitation, the C dot containing fibers and fabrics exhibited fluorescent properties due to the TRITC dye. Confocal images of neat electrospun CA fibers showed that they appeared white under visible light, and black under 541 nm fluorescent light. Even though a small amount of auto-fluorescence can be observed in Figure 8a , it is not present where fibers were observed, and can be attributed to light scattering within the microscope.
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This image confirmed that neat CA fibers did not fluoresce at the target wavelength for C dots (Figure 8a ). Figures 8b, 8c and 8d . The confocal images show the CA fibers fluorescing uniformly under 541 nm light (Figures 8b, 8c, 8d) . As with the neat samples, images taken of the same microscopic field under white light confirm that fibers were present where the fluorescence is observed. Uniform fluorescence was observed along the fibers, which suggests that the C dots were fairly well distributed.
Confocal images of electrospun CA samples X, Y and Z are presented in
Confocal microscopy was also used to prove that the pH-sensing nanoparticles can function as a ratiometric pH-sensing device within electrospun fibers.
The results were determined through comparisons of the individual reference (TRITC) and sensor (FITC) signals from the confocal images. The ratio between the peak emission intensities of the sensor and reference dyes were calculated for particles in several different pH-calibrated phosphate buffer solutions (pH 5-8.5), and plotted against pH [42] . When the fibers were exposed to 541 and 488 nm light, the intensity of the reference dye remained the same, but the intensity of the sensor dye varied with pH. Results have shown that the ratio of FITC/TRITC intensity increases with pH ( Figure 9 ). The two pairs of images illustrate FITC fluorescence (left) and TRITC fluorescence (right) at different pH values. 
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Statistical Analysis Of Mechanical Testing Data
The mechanical testing was conducted according to ASTM standard D638-02a. This standard provided a method for measuring the modulus, tensile stress at break, and tensile strain at break that nonwoven cellulose acetate fabrics can survive prior to failure during Instron testing.
Once the collection of mechanical data was completed, the effect that the C dot addition had on the mechanical properties of cellulose acetate fibers was analyzed. The average values of modulus, tensile stress, and tensile strain for each of the C dot loadings were compiled, followed by analysis using the student's t-test. These statistical tests were done under the null hypothesis that there was no significant difference between the values of the control and the C dot containing samples. A percentage of lower than 5% indicated that there was a significant difference between the control values, and the value of the C dot containing samples. Each of the properties are shown and analyzed below.
Modulus
The t-test analysis indicated that the modulus values for the control, X, and Z samples were statistically similar to one another. The modulus value for sample Y was discovered to be statistically different from the others, but this difference is less than a factor of two (Figure 10a ).
Tensile Stress
The t-test stated that the Y and Z samples had tensile stresses at break that were significantly different to those of the control and the X samples (Figure 10b) . However, even though samples Y and Z had lower tensile stress values than the control and X, the values were not low enough to suggest that the nanoparticles deteriorated the mechanical properties.
Tensile Strain
The tensile strain at break for the electrospun mats did not appear to be affected by the addition of the nanoparticles. The values for tensile strain at break for the control samples were not significantly different from the values compiled for the samples containing C dots (Figure 10c ). The addition of the C dots did not affect the tensile strain at break for the nonwoven fabrics. The tensile testing for the electrospun and dry spun samples provided very interesting results, especially considering that the C dot containing samples had statistically equal nanoparticle concentrations. Though nanoparticle incorporation had some effect on the mechanical properties of the fibers, they did not significantly hinder them. The control and nanoparticle-containing samples did not have vastly different mechanical properties. It is significant that even though approximately 10% w/w silica nanoparticles were added to the fiber, they did not negatively impact the mechanical properties. CONCLUSIONS In this study, fluorescent core-shell silica nanoparticles were successfully incorporated into CA fibers for use as an anti-counterfeiting and pHsensitive device. TGA analysis confirmed that increasing the amount of C dots in the spinning solution did not increase the final weight percent of C dots within the fibers. SEM images proved that the nanoparticle incorporation did not affect the general morphology and size of the fibers. Confocal microscopy confirmed that the C dots fluoresce within the fiber at a specific wavelength of light, and can be used to measure pH change. Instron tensile tests and the student's t-test were used to assess the mechanical properties of the electrospun fabrics. These tests determined that the addition of the C dots did not significantly affect the mechanical properties of the fibers. This research provides compelling evidence that fibers containing fluorescent silica nanoparticles have the potential to be used as a novel anti-counterfeiting and pH-sensing device.
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